Previous
analyses of Saccharomyces cerevisiae chromosome I have suggested that the majority ( > 75%) of single-copy essential genes on this chromosome are difficult or impossible to identify using temperature-sensitive (Ts-) lethal mutations.
To investigate whether this situation reflects intrinsic difficulties in generating temperature-sensitive proteins or constraints on mutagenesis in yeast, we subjected three cloned essential genes from chromosome I to mutagenesis in an Escherichia coli mutator strain and screened for Ts-lethal mutations in yeast using the "plasmid-shuffle" technique.
We failed to obtain Ts-lethal mutations in two of the genes (FUN12 and FlJN20), while the third gene yielded such mutations, but only at a low frequency. DNA sequence analysis of these mutant alleles and of the corresponding wild-type region revea,led that each mutation was a single substitution not in the previously identified gene FUN19, but in the adjacent, newly identified essential gene FUN53. FUN19 itself proved to be non-essential. These results suggest that many essential proteins encoded by genes on chromosome I cannot be rendered thermolabile by single mutations. However, the results obtained with FUN53 suggest that there may also be significant constraints on mutagenesis in yeast. The 5046 base-pair interval sequenced contains the complete FUN19, FUN53 and FUN20 coding regions, as well as a portion of the adjacent non-essential FUN21 coding region. In all, 68 to 75% of this interval is open reading frame. None of the four predicted products shows significant homologies to known proteins in the available databases.
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Introduction
In a wide variety of genetic systems, there are major disparities between the numbers of genes identified using classical genetic analyses and the numbers of genes inferred from analyses of mRNA and polypeptide complexity (for reviews, see Pringle, 1981; Kaback et aZ., 1984; Pringle, 1987) . Chromosome I of the yeast Saccharomyces cerevisiae has provided a vivid example of this "gene-number paradox" (Kaback et al., 1984; Diehl & Pringle, 1991; Harris & Pringle, 1991) . The size of the chromosome ( -250 kbq: Mortimer et al., 1989; Link & Olson, 1991) and the typical spacing of transcribed regions in yeast (approx. l/2.2 kb: Coleman et al., 1986; Yoshikawa & Isono, 1990 , 1991 Capieaux et al., 1991) , suggest that there should be more than 100 transcribed regions on chromosome I. Indeed; approximately 60 discrete transcribed regions have been mapped to the -160 kb of the chromosome studied to date (Coleman et al., 1986; Steensma et al., 1987; Wickner et ai., 1987; Diehl & results). In contrast, only about 15 genes have been identified on chromosome I in classical genetic studies to date (Mortimer et al., 1989) . Kaback et al. (1984) used temperature-sensitive (Ts-) lethal mutations in an attempt to identify all essential genes on chromosome 1. A strain monosomic for this chromosome was mutagenized using either ethyl methanesulfonate (EMS) or N-methyl-N'-nitro-N-nitrosoguanidine (NG) as mutagen. Thirty-two independent mutations t'hat mapped to chromosome I were isolated; however, these mutations identified only three complementation groups, all of which were previously known. In contrast, molecular analyses of portions of chromosome I have identified at least seven additional, previously unknown, essential genes (Diehl & Pringle, 1991; D. Kaback, personal communication; B. Diehl& J. Pringle, unpublished results); extrapolation to the whole chromosome suggests that it should contain at least 15 to 20 essential genes. It seemed possible that the number of genes identified in the Ts-mutant hunt had been limited, in part, by the specificity of the mutagens used: both EMS and NG induce predominantly G. C to A. T transitions (which yield only a limited number of amino acid substitutions) and exhibit pronounced hotspots and coldspots for mutagenesis (Prakash & Sherman; 1973; Miller, 1983 : LGrincz & Reed, 1986 Kohalmi bt Kunz, 1988) . However, when the study reported by Kaback et al. (1984) was repeated using mutagens (ultraviolet light and nitrogen mustard) of very different specificity (Miller, 1983; Hampsey et al., 1986; Kunz et al., 1987; Kunz ds Mis, 1989) , all but two of the 19 mutations obtained again fell into the same few genes (Harris & Pringle, 1991) .
These results suggest that only a minority of the single-copy essential genes can be identified using Ts-lethal mutations.
To ask if this situation reflects an intrinsic difficulty of generating temperature-sensitive proteins or constraints on mutagenesis in yeast, we subjected three of the cloned essential genes from chromosome T to mutagenesis in an Escherichia coli mutator strain (Cox, 1976) and screened for Ts-lethal mutations in yeast using the plasmid shuffle technique (Boeke et al., 1987) . In two cases, we were unable to identify Ts-lethal alleles. In the third case, we recovered Ts-lethal alleles, but only at a very low frequency.
To determine whether these Ts-lethal alleles contained one or more than one substitution, we sequenced the four mutant alleles and the corresponding wild-type region. This analysis revealed that the mutations (in Table 1 Saccharomyces cerevisiae strains used in this study a Some strains have nutritional markers other than those listed here. b BD2631T2 was transformed to Leuf with plasmid pPH1 (see the text), and a meiotic segregant harboring both the gene disruption (Ura+) and the plasmid (Leu+) was isolated by tetrad dissection and spread onto SC+5-FO$ plates. A resistant clone was selected and transformed with plasmid pPH2. Following non-selective growth, a mitotic segregant that had lost pPH1 was identified and designated SH804. The genotype of SH804 was confirmed by crossing it to YSO5D, selecting a Ura-diploid on SC + 5-FOA plates, and dissecting tetrads: all asci segregated 2 : 2 for viability, demonstrating that SH804 maintained the deletion of FliX20. "DEL3, which was constructed to inactivate FUN19 (Diehl & Pringle; 1991) , is now known to inactivate FL'N53 as well (see Results).
dBD2631T3 was transformed to Leu+ with plasmid pBDC-L (see the text), and a meiotic segregant harboring both the gene disruption (Ura+) and the plasmid (Leu+) was isolated by tetrad dissection and spread onto SC+5-FOA plates. A resist,ant clone was selected and transformed with plasmid pBDC-U. Following non-selective growth, a mitotic segregant that had lost pBDC-L wab identified and designated JCI. The genotype of JCl (in particular, its retention of thejunlS/funjS deletion) m-as confirmed as described for SH804 (note b).
' JCl was transformed to Leu + with plasmid pBDC-L, and a subclone that had lost pBDC-U was selected on SC + 5-FOA plates and designated SH805.
f The construction of a diploid strain heterozygous for a deletion of FUN12 is described in the text. This strain was transformed to Leu+ with plasmid pBDC-L, and a Leu+, Ura+ meiotic segregant was obtained by tetrad dissection and streaked onto SC{-5-F'OA plates to isolate resistant subclones. Such subclones arise by recombination between the ISIOR repeats flanking the CR243 gene that marks the deletion (Alani et al., 1987) . A stable UK-clone was then transformed with plasmid pBDC-U and, following non-selective growth, a mitotic segregant that had lost pBDC-L was isolated and designated JC3. The genotype of JC3 (in particular, its retention of the fun12 deletion) was confirmed as described for SH804 (note b), exoept that strain BD27-llA was used instead of YSO5D. pA strain harboring an unconditional lethal mutation in CDC24 (cdc24-101; $. Bender, personal communication) complemented by plasmid pPB170 (see the text) was transformed to Ura+ with YEp103(CDC24). Following non-selective growth, a mitotie segregant that had lost pPB170 (Leu-) was isolated and designated JC4. The genotype of JC4 (in particular, its retention of the cdc24-101 mutation) was confirmed as described for JC3 (note f). PUN53   FUN20   FUN21   1167 519 b&l --*-- the deletions DEL4, DEL3 and DEL2 have been described (Diehl 6 Pringle, 1991) . Shown immediately above the restriction map are the approximate locations, approximate sizes and names of the transcribed regions identified in this interval by RNA-DNA blot-hybridization analyses (Diehl & Pringle, 1991) . The large T and C refer, respectively, to the telomere-proximal and centromere-proximal ends of the restriction map. Shown immediately below the restriction map are the approximate locations, sizes and names of the open reading frames identified by sequence analysis of the 5046 bp interval indicated by the broken line (see the text). Given the uncertainty as to which of 2 open reading frames corresponds to FUN21 (see the text), both are represented (one by the broken line). The deletions DEL4A and DELSA are described in the text. pPH1, pPH2, pPH3 and pPH4 represent the inserts in the plasmids of these names (see the text). Fragments A and B were used to construct DEL3A. Fragments B and C were used as probes in DNA-DNA blot hybridization experiments (see the text and Fig. 2 -l (Bullock et al., 1987) and DH5af (BRL Life Technologies, Gaithersburg, MD) were used for routine plasmid propagation and preparation of singlestranded DNA. E. coli strains KC8 (leuB600 hid463 pyrF :: Tn5 trpC980 &A galUK lacX74) and W3110 (mutD5 zafld :: T&O) were provided by T. Stearns and E. Cox, respectively. The principal S. cerevisiae strains used in this study are described in Table 1 . The chromosomal deletions DEL2 (inactivating FUNZO) and DEL3 (inactivating FUN53 and presumably FUN19; see Results) were both marked with the URA3 gene (Diehl & Pringle, 1991) . In order to use the plasmid shuffle to screen for Ts-lethal mutations in these genes, it was necessary to inactivate the URA3 markers while retaining the deletions. This was accomplished by selection of Urasubclones on SC+&FOA plates (Boeke et al., 1987) , as described in the notes to Table 1. Plasmids YEp24, YCp50, pRS315, YRplOl(CEN5), YEpl03, pNKY150 and YEp352 have been described (Botstein et al., 1979; Rose et al., 1987; Sikorski & Hieter, 1989; Diehl & Pringle, 1991; Coleman et al., 1986; Alani et al., 1987; Hill et al., 1986) ; their selectable markers are lJRA3, URA3. LEUZ, LEU2, URA3, URA3 and lJRA3; respectively.
The pBS plasmids were obtained from Stratagene (La Jolla, C4). Plasmids pBDC-U and pBDC-L contain an 8.2 kb PwuII fragment including the FUN12, FUN19 and (as shown here) FUN53 genes in plasmids YEp24 and YRplOl(CENS), respectively (Diehl & Pringle, 1991) . Plasmids YEp103(CDC24) and pBRl70 contain a 4.0 kb Hind111 fragment including CDC24 (Coleman et al., 1986) in plasmids YEpl03 and pPB166, respectively (Diehl & Pringle, 1991; A. Bender, personal communication) . Plasmid pPB166 is a YEp13 derivative containing the ADE3 gene (A. Bender, personal communication).
Plasmid pPH1 (Fig. 1 ) was constructed in 3 steps. First, the 2.3 kb HindIII-EcoRI fragment containing most of FUN19 and most of FUN53 was subcloned from pBDC-L into PBS-KS-to form PA-KS-. Second, the adjacent 22 kb EcoRI fragment containing part of FUN53 and all of FUN20 was inserted into the unique EcoRI site of PA-KS-in the orientation that restored the normal chromosomal configuration of these fragments relative to each other, thus forming pAB-KS-.
Finally, the 4.5 kb HindIII-&a1 fragment (the XmaI site is from the multiple cloning sit,e of PBS-KS-) was subcloned from pAB-KS-into HindIII/SmaI-cut pRS315 to form pPH1. Plasmid pPH2 was constructed by subcloning the same 4.5 kb HindIII-SmaI fragment into HindIII/XmaI-cut YEp352. Plasmid pPH3 (Fig. 1 ) was constructed by subcloning the 2.6 kb DraI-SmaI fragment from pPH1 into the PvuII site of YRp101(CEN5).
Plasmid pPH4 (Fig. 1) , 1982) . DSA fragments were isolated using GENECLEAN II (BiolOl, La Jolla, CA) according to the manufacturer's specifications.
Total yeast DNA was isolated essentially as described (Bloom & Carbon, 1982 In sequencing the wild-type DNA, both strands were completely sequenced and all sites used for cloning were overlapped by other cloned segments. Clones for sequencing were generated by using exonuclease III to create nested sets of deletions (Henikoff, 1984; Beltzer et al., 1986) iZfter digestion with the indicat'ed restriction enzymes. DNA fragments were separated and hybridized to radioactively labeled probes as described in Materials and Methods.
The sizes of the fragments visualized are indicated in lo3 hp. Lanes 1 and 2, total DNAs from strain BD2631 (lane 1) and from the same strain following the DEL4A gene replacement (lane 2) was digested with EcoRI; the radioactive probe was the 2.3 kb HindIII--Eco RI fragment C ( Fig. 1 ). In the parental strain, a single band of 5.0 kb is seen. The transformant shows this same band (from the copy of chromosome I unaffected by the gene replacement) plus a new band of the predicted size of 9.4 kb (the 3.8 kb BgEII-EcoRI segment immediately centromere-proximal t,o the deletion endpoint plus the 1.1 kb EcoRI-BglII segment immediately centromeredistal to the deletion endpoint plus the 45 kb of ISlOR-C'RA3-ISlOR insert (see Fig. 1 )). Lanes 3 to 6, total DNAs from the haploid segregants of 1 complete tetrad from the heterozygous DELSA diploid were digested with EcoRI + SmaI; the radioactive probe was the 0.9 kb Urn1 fragment B (Fig. 1 ). In the segregants carrying the wiidtype configurat'ion of DNA4 (Era-, lanes 3 and B), a single band of 5.0 kb is seen. (There is no SmaI site within the %O kb EeoRI segment.) The segregants carrying the gene replacement (Wra', lanes 4 and 5) show a new band of the predicted size of 1.4 kb (the 1.3 kb DraI-EcoRI segment (see Fig. 1 For each gene replacement, the appropriate fragment was transformed into strain BD2631, selecting for Ura'. In the case of DEL4A, DNA-DNA blot hybridization analysis of the diploid transformant confirmed the correctness of the construction (Fig. 2, lanes 1 and Z) , and tetrad analysis showed only 2 viable spores (both Ura-) in each of 12 tetrads. Analysis of DELLSA is described in Results.
(e) Plasmid mutagenesis To mutagenize plasmids pPH3, pBDC-L and pPB170: the E. coli mutD mutator strain W3110 was transformed and transformants were selected on MS + Amp plates. For each plasmid, 5 to 20 transformants were selected and pooled. Each pool was grown for 8 to 10 h in LB + Amp and plasmid DNA was isolated. (Because the mutator activity of mutD strains is activated in rich media (Cox, 1976) , all strain manipulations were carried out on M9 minimal medium except for the specified period of growth in LB.) The level of mutagenesis was checked by testing for loss of LEUZ function on the mutagenized plasmids. E. coli strain KC8 carries a 1euB mutation that can be complemented by a functional yeast LEUZ gene (Ratzkin & Carbon, 1977) . Therefore, loss of LEUZ function can be determined by measuring the fraction of the mutagenized plasmids t'hat are no longer able to confer leucine prototrophy to strain KC8. Three independently mutagenized libraries of pBDC-L yielded an average Leu-frequency of 1.6% (15/943). Two independently mutagenized libraries of pPH3 yielded an average Leu-frequency of 1.5% (12/814). Two independently mutagenized libraries of pPB170 yielded an average Leu-frequency of 1.7% (5/296).
(f) Screen for Ts-lethal mutations
The appropriate mutagenized plasmid libraries were introduced into yeast strains SH804, JCl, JC3 and JC4. Transformants were selected on SC-Leu plates at 30°C and then replica-plated onto duplicate SC+ 5-FOA and SC-Leu plates that were incubated at 23°C and 37°C. Transformants able to grow on SC-Leu at both temperatures and on SC+5-FOA at 23°C but not at 37°C were scored as presumptively containing Ts-lethal mutations in the gene of interest. (The ability of the transformants to grow on SC-Leu at both temperatures verified that the plasmid-borne mutations were in the gene of interest and were not simply affecting the marker gene or some function required for plasmid replication or maintenance.) Transformants able to grow on SC-Leu at both temperatures but unable to grow on SC+5-FOA at either temperature were scored as presumptively containing null mutations in the gene of interest. All presumptive Tsmutants, along with a small sample of the putative null mutants, were re-checked by streaking cells from the SC-Leu (23°C) plate onto SC+5-FOA plates at 23°C and 37 "C.
Total DNA was prepared from the transformants that presumptively bore Ts-lethal mutations in FUN19 or FUN53. Plasmids were rescued following passage through E. coli, and their structures were confirmed by restriction analysis. These plasmids were then re-transformed into strain JCl to confirm that the Ts-lethal phenotype was plasmid-dependent.
(g) Sequencing of Ts-lethal mutation,s
In preparation for sequencing, the Ts-lethal alleles of FUN53 were subcloned into PBS vectors as the 3.2 kb HindIII-PvuII fragment (Fig. 1) . As a control, the same fragment containing the wild-type FUN53 allele was subcloned into the same vector and sequenced in parallel. (Kaback et al., 1984; Harris & Pringle, 1991) . As described below, in the course of this analysis we discovered that the lethality of DEL3 is due not to its effect on FUN19
(which proves to be non-essential) but rather to its effect on the adjacent, newly identified gene FUN53. (Figs 1 and 3) ; alt'hough it is smaller than expected from the estimated tra,nscript size of 2.2 kb (Diehl & Pringle, 1991) . This 489 codon QRF is preceded by an in-frame stop codon at bases -3 to -1 and is followed by an additional in-frame stop codon 94 bp from the putative primary stop. The first ATG upstream from the putative initiation codon is located at -42 to -40 and initiates an ORF of only 13 codons. No TACTAAC consensus splicing signal was observed in or around this ORF. These data suggest that' this ORF also forms a complete coding region.
Between these t'wo genes, but encoded by the opposite strand, is an ATG-initiated ORF running from nucleotides 2679 to 2161 (Figs 1 and 3 ). This 173 codon ORF is preceded by an in-frame stop codon at bases -3 to -1 and is followed by an additional in-frame stop codon 91 bp from the putative primary stop. The first ATG upstream of the putative initiation codon is located at -43 to -41 and is followed immediately by a stop codon. Xo TACTAAC consensus splicing signal was observed in or around t'hie ORF. These data suggest' that this ORF forms a complete coding region, which we (Fig. 3) . The putative FUN20 ORF encodes a polypeptide with a predicted molecular mass of 50,380 Da, a net charge of +39, and three potential asparagine-linked glycosylation sites (Fig. 3) . The putative FUN53 ORF encodes a polypeptide with a predicted molecular mass of 22,647 Da, a net charge of +5, and one potential asparagine-linked glycosylation site (Fig. 3) (Figs 1 and 3) . Thus, the lethality of DEL3 (Diehl & Pringle, 1991) might reflect essentiality of either or both of these genes. Second, since pBDC-L contains complete copies of both FUN19 and FUN53, the associated screen for Ts-lethal mutants might have identified alleles of either gene. Ts-, 10 Ura+ Ts-, 9 Ura-Ts+). In addition, DNA-DNA blot hybridization analysis of the four individual segregants from two tetrads indicated that the two Ura+ segregants contained the gene replacement, whereas the two Ura-segregants had a wildtype configuration of DNA (Fig. 2 , lanes 3 to 6, and data not shown).
The results described above suggest that FUN53 is essential but that FUN19 is not, and thus that the Ts-lethal mutations isolated in pBDC-L in the DEL3 strain must be in FUN53. To confirm this conclusion, each of the four Ts-lethal mutants (Ura-, Leu+) was transformed to Ura+ with pPH4 or with YCp50 and three transformants of each type were streaked on SC-Leu plates (to maintain the LEU2-based plasmid harboring the mutation) at 37°C. In each case, as expected, pPH4 was able to complement the Ts-lethal defect but YCp50 was not. 
FUX53.
In three cases @~n53-10, fun53-32 and fun53-54), an identical G. C to A. T transition had occurred, resulting in the substitution of cysteine 88 with tyrosine (Fig. 3) . In the fourth case Cfun53-46), an A' T to G. C transition had occurred, resulting in the subst,itution of isoleucine 86 with threonine (Fig.  3) . These subst'itutions must reflect the occurrence of at least three independent mutational events, as fun53-54 was recovered from a mutagenized library distinct from the one that yielded fun53-10 and fun53-32.
Tn confirmation of the conclusions described above, sequencing of FUR19 from the four mutant plasmids revealed no substit'ution in three cases, although in the fourth case @n99-IO), the plasmid contained two separate G. C to A. T transitions, resulting in the substitution of alanine 86 with valine and of arginine 303 with lysine.
Discussion
Previous studies of S. cerevisiae chromosome T have suggested that the majority (> 75%) of the single-copy essential genes on this chromosome are difficult or impossible to identify using Ts-lethal mutations, regardless of the mutagen used (see Introduction; Kaback et al., 1984; Harris & Pringle, 1991) . There appear to be two factors that, may contribute to this problem. First, it is possible that for the majority of proteins there is no single mutation (or even a pair of mutat'ions) that can produce temperature sensitivity over an appropriate temperature range and hence a Ts-lethal mutation.
Consistent with this view, intensive efforts using in vitro mutagenesis failed to identify Ts-lethal mutations in the yeast tubulin, histone or RAD3 genes (Han et al., 1987; Huffaker et al., 1988; Schatz et al., 1988; Naumovski & Friedberg, 1987) . Moreover, sequencing of multiple, independently isolated alleles of CDC8 (Su & Sclafani, 1991; R. Sclafani, personal communication) and CDC28 (LSrincz & Reed, 1986) to pass plasmids containing these genes t'hrough a mutD mutator st,rain of E. coli (Cox, 1976) , then to screen for Ts-lethal mut'ations in yeast using the plasmid shuffle t,echnique (Boeke et al., 1987) . ds all types of base substitutions are induced at high frequencies in mutD strains (Fowler et al., 1974 : Wu et al., 1990 , 1986; Yoshikawa & Isono, 1990 , 1991 Capieaux et al., 1991 
